In conjunction with the classical functions of regulating intestinal, bone, and kidney calcium and phosphorus absorption, as well as bone mineralization of vitamin D, the population-based association between low vitamin D status and increased cancer risk is now generally accepted. Inflammation is causally related to oncogenesis. It is widely thought that vitamin D plays an important role in the modulation of the inflammation system by regulating the production of inflammatory cytokines and immune cells, which are crucial for the pathogenesis of many immune-related diseases. Mechanistic studies have shown that vitamin D influences inflammatory processes involved in cancer progression, including cytokines, prostaglandins, MAP kinase phosphatase 5 (MKP5), the nuclear factor kappa B (NF-κB) pathway, and immune cells. Multiple studies have shown that vitamin D has the potential to inhibit tumor development by interfering with the inflammation system. The present review summarizes recent studies of the mechanisms of vitamin D on regulating the inflammation system, which contributes to its potential for cancer prevention and therapy. This review helps answer whether inflammation mediates a causal relationship between vitamin D and tumorigenesis.
Introduction
Vitamin D is a fat-soluble steroid derivative, which plays an important role in calcium homeostasis and bone metabolism through its actions in intestine, bone, kidney, and the parathyroid glands [1] [2] [3] . Moreover, preclinical and clinical studies strongly suggest that vitamin D deficiency increases the risk of developing multiple malignancies. Inflammation is appropriately added as one of the 10 hallmarks of cancer [4] . Cytokines and immune cells in the inflammatory microenvironment essentially serve as direct growth and migratory factors for cancer cells [5, 6] . Studies have shown that tissues with chronic inflammation generally exhibit high cancer incidence [7] [8] [9] . Vitamin D can modulate the innate and adaptive immune responses. Studies of tumor cells revealed that vitamin D exerts important regulatory effects on some of the key molecular pathways involved in inflammation. Studies have shown the role of vitamin D in the inflammatory microenvironment, but the evidence linking vitamin D and immune response in the context of cancer is still scarce. In the current review, we aim to provide an overview of anti-inflammatory actions and vitamin D in tumorigenesis; the results suggest the beneficial effects of vitamin D supplementation in decreasing the risk and adverse outcomes of cancer, although the precise effect remains to be elucidated in large clinical trials.
Vitamin D and Metabolism
Vitamin D3 (D 3 ) is the main form of vitamin D in the human body, which can be either synthesized from 7-dehydrocholesterol when skin is exposed to ultraviolet-B (UVB) light or obtained from the diet (Figure 1 ). In the liver, vitamin D is metabolized by vitamin D 25-hydroxylase (Cytochrome P450 2R1, CYP2R1) and sterol 27-hydroxylase (Cytochrome P450 27A1, CYP27A1) to 25(OH)D, which is the major circulating form of vitamin D in serum. 25(OH)D is further metabolized by 25(OH)D 1α-hydroxylase (Cytochrome P450 27R1, CYP27B1) in the mitochondria of the kidney epithelial cells to 1,25-dihydroxy vitamin D3 (1,25(OH) 2 D 3 ), also known as calcitriol [27] . In some cancers, such as parathyroid carcinomas, the expression levels and activity of CYP27B1 in the cancer cells are lower than in normal cells [28] . Hsu et al. compared CYP27B1 activity in samples from normal prostate epithelial cells, cancer-derived prostate epithelial cells, PCa cells lines, and samples of benign prostatic hyperplasia. CYP27B1 expression is significantly reduced in the benign prostatic hyperplasia cells and is reduced further in the cancer-derived cells and cell lines. Decreased expression of CYP27B1 is correlated with a decrease in growth inhibition in response to 25(OH)D [29] . In order to maintain the homeostasis of the organism, especially regarding the levels of calcium and phosphate, the enzyme 1,25 dihydroxyvitamin D3 24 hydroxylase (Cytochrome P450 24R1, CYP24R1) plays a key role in converting calcitriol to biologically inactive metabolites [30] . Hobaus et al. found that 77 (60%) out of 127 colorectal tumors show increased CYP24A1 gene copy-number and that more than six copies of CYP24A1 are positively correlated with CYP24A1 mRNA expression suggestive of a causal relationship [31] . Albertson et al. proved that the amplification of the CYP24A1 gene in human breast tumors and analysis of the datasets from The Cancer Genome Atlas confirms that a subset of human breast cancers (10-13%) exhibit alterations in the CYP24 gene, with the most frequent changes being amplifications and up-regulation at the mRNA level [32] . Borkowski et al. found that high CYP24A1 expression is significantly correlated with poor patient outcome in multiple lung cancer cohorts [33] . Better understanding the regulation of vitamin D hydroxylases in tumorigenesis may provide targeting strategies in the future. suggestive of a causal relationship [31] . Albertson et al. proved that the amplification of the CYP24A1 gene in human breast tumors and analysis of the datasets from The Cancer Genome Atlas confirms that a subset of human breast cancers (10-13%) exhibit alterations in the CYP24 gene, with the most frequent changes being amplifications and up-regulation at the mRNA level [32] . Borkowski et al. found that high CYP24A1 expression is significantly correlated with poor patient outcome in multiple lung cancer cohorts [33] . Better understanding the regulation of vitamin D hydroxylases in tumorigenesis may provide targeting strategies in the future. Calcitriol attaches to a member of the ligand-activated transcription factor steroid hormone receptor superfamily, known as the VDR, which displays a typical domain structure of a nuclear receptor with a highly conserved DNA-binding region and ligand-binding domain. Binding between the ligand-binding domain and calcitriol (or its analogs) induces heterodimerization of VDR and the RXR to form the calcitriol-VDR-RXR complex, binding the complex to vitamin D response elements (VDREs) in multiple regulatory regions, located at promoters and distal sites of target genes, which, along with the recruitment of co-modulators, plays an important role in regulating cell proliferation and differentiation [34, 35] . The presence of the VDR in tumor cells is a prerequisite for the antineoplastic effects of calcitriol. The cell growth evaluated by MTT assay is greatly increased in CYP24-induced and VDR-diminished cells than non-responding cells by 25(OH)D3 activity (p < 0.01). In addition, 23 cases of low VDR expression have a poorer prognosis than 19 cases of high VDR Calcitriol attaches to a member of the ligand-activated transcription factor steroid hormone receptor superfamily, known as the VDR, which displays a typical domain structure of a nuclear receptor with a highly conserved DNA-binding region and ligand-binding domain. Binding between the ligand-binding domain and calcitriol (or its analogs) induces heterodimerization of VDR and the RXR to form the calcitriol-VDR-RXR complex, binding the complex to vitamin D response elements (VDREs) in multiple regulatory regions, located at promoters and distal sites of target genes, which, along with the recruitment of co-modulators, plays an important role in regulating cell proliferation and differentiation [34, 35] . The presence of the VDR in tumor cells is a prerequisite for the antineoplastic effects of calcitriol. The cell growth evaluated by MTT assay is greatly increased in CYP24-induced and VDR-diminished cells than non-responding cells by 25 
Vitamin D and Inflammation
In the context of cancer, the role of the immune system is not straightforward. Interactions can occur between cancer cells and host immune cells in the tumor microenvironment to create an immunosuppressive network that promotes tumor growth and protects the tumor from immune attack [38] . Population-based studies, as well as molecular studies, have demonstrated that vitamin D is implicated in many immune-related diseases, such as asthma, atherosclerosis, type 2 diabetes, and autoimmune diseases [39, 40] . Recent studies indicated that a persistent inflammatory microenvironment can induce tumor production [41] [42] [43] [44] [45] [46] . In the course of the development of the tumor, some immune cells often change from the "protector" of self-organizations to the "accomplice" of tumor cells, and nourish the cancer [47] . By mediating complex pathways, the tumor inflammatory microenvironment induces the expression of a variety of pro-inflammatory cytokines, promotes angiogenesis and tumor growth, invasion and metastasis, and accelerates the development of tumors [48] [49] [50] [51] . Several mechanisms for how vitamin D affects inflammatory microenvironment in cancers have been explored, including regulating the interaction between immune and tumor cells to regulate the levels of cytokines, inhibiting NF-κB signaling pathway, up-regulating MKP5, and inhibiting the prostaglandins pathway and immune cells (macrophages, DCs, B cells, and T cells) [52, 53] (Figure 2 ). Non-steroidal anti-inflammatory drugs (NSAIDs) are generally used to relieve acute pain and treat chronic inflammation, such as arthritis, among which the most commonly used are aspirin, ibuprofen, and piroxicam. A recent study has confirmed that NSAIDs have a certain degree of anti-tumor effect, which further confirms the close relationship between inflammation and cancer [54] . 
Vitamin D and Cytokines
Cytokines produced in the inflammatory microenvironment have been correlated with cancer pathogenesis. Several cytokines are found to be higher in the blood of colorectal cancer patients than in healthy controls [55] . By microarray-based methods, Powell et al. found that several cytokine genes (IL-1β, IL-6, IL-8, and TGF-β1) are over-expressed in PCa patients compared to European American men [56] . Interestingly, studies revealed that vitamin D exerts critical regulatory effects on some cytokines' effects on natural and acquired immunity. Barrat [58] .
IL-6 is a pro-inflammatory cytokine with pro-tumorigenic capacity and is a crucial key effector in PCa and colorectal cancer progression [59] . For example, IL-6 up-regulates Mcl-1 gene transcription through p38-MAPK and JAK-STAT pathways, inhibiting tumor necrosis factor-relatedapoptosis inducing ligand (TRAIL)-induced tumor cells apoptosis [60] . The results showed that IL-6, as the effect factor of COX-2, can promote angiogenesis and tumor growth [61] . Cathcart et al. demonstrated that IL-6 down-regulates p53 protein levels and results in a concomitant increase in MMP-14 expression, leading to enhanced cancer cell invasion and metastasis [62] . Several reports have shown that vitamin D may influence the regulation of IL-6 synthesis. 25(OH)D pretreatment inhibits both UV-and tumor necrosis factor alpha (TNF-α)-stimulated IL-6 production in normal cells via p38 MAPK inhibition, demonstrating its significant anti-inflammatory effects in cancer cells [63] .
IL-8 has been found to be an important angiogenic factor. It can promote the initiation, migration, and invasion of tumors by promoting the proliferation of neoplastic cells and expression of MMP-2 and MMP-9, increasing collagenase activity and inhibiting tumor cell apoptosis [64, 65] . In the study by Singh et al., IL-8 activity was observed to play a crucial role in breast cancer, being regulated by HER-2 positive cancers through chemokine receptor 1/2 (CXCR1/2) ligands. The IL-8 levels influence breast cancer stem cell activity by enhancing or down-regulating tumorigenesis [66] . Bao et. al found that calcitriol affects the stability of IL-8 mRNA through the ATTTA motif in the 3 -flankingregion or other post-transcriptional regulations, thereby delaying PCa cell-induced human umbilical vein endothelial cell migration and tube formation [67] . Another study in colon cancer cells showed that calcitriol reduces the production of IL-8, and the anti-inflammatory effect is associated with depression of IL-8 production due to increased release of the soluble form CD14 (sCD14) depending on ERK1/2 [68] .
IL-10 is an important anti-inflammatory cytokine due to its effects in down-regulating Th1 cytokine (IL-2 and IFN-γ) and Th2 cytokine (TNF-α, IL-6, and IL-8) production, and its potential to promote resolution of inflammation [69, 70] . IL-10 normally plays an important role in controlling the development of chronic inflammatory processes and its absence results in chronic inflammatory responses (particularly in the gut), which are probably induced by normal enteric antigens [71] . IL-10 could inhibit the production of pro-inflammatory cytokines, which in turn stimulates tumor growth [72] . In a mouse model of colitis anti-CTLA-4, treatment induces IL-10 + Tregs that express the cell surface receptor inducible co-stimulator ligand (ICOS) with potent indoleamine 2,3 dioxygenase (IDO)-dependent anti-inflammatory properties [73] . These observations are particularly interesting as expression of ICOS is an immunologic marker correlated with clinical responses in PCa patients, who receive anti-CTLA-4 therapy [74] . It has been observed that the expression of TLR9 by human adaptive IL-10-Treg populations is regulated by calcitriol [75, 76] .
TGF-β promotes tumor invasiveness through MMP-2, MMP-9, MT-MMP1 and urokinase-like plasminogen activator is up-regulated in both pancreatic ductal adenocarcinoma and hepatocarcinoma [77] . TGF-β1 induces integrin αvβ3 expression and the enhanced expression of αvβ3 potentiates TGF-β1-induced responses, which enhance epithelial-mesenchymal transition (EMT) in mammary epithelial cells in lung fibroblasts [78] . Artaza et al. found that vitamin D suppress TGF-β-mediated fibrosis through modulating multiple pro-fibrotic proteins, for instance, lowering collagen I and III expression and raising expression levels of MMP-8 in mesenchymal multipotent cells [79] .
Vitamin D and Prostaglandins
Prostaglandins (PGs) are pro-inflammatory molecules that bind to specific receptors and play a key role in mediating a series of cellular activities, such as cell proliferation, differentiation, and apoptosis, and promote tumorigenesis and cancer growth [80] [81] [82] [83] [84] . PG-related metabolic enzymes and EPs in the inflammatory microenvironment suggests that PGs are closely related to the occurrence and development of these tumors [85] .
PGs mediate different signal transduction pathways through the interaction with EPs [86] . More importantly, the interactions between prostaglandin E2 (PGE2) and EP2 can produce positive feedback signals to increase TNF-α, IL-6, CXCL1, and COX-2 levels of neutrophils and tumor-associated fibroblasts [87] , thereby promoting tumorigenesis by amplifying inflammation and shaping the inflammatory microenvironment [88, 89] . Bazzani et al. indicated PGE2 induces epidermal growth factor receptor (EGFR) nuclear translocation and growth through the release of EGFR ligands in lung adenocarcinoma cells [90] . Moreno et al. further confirmed the mechanisms of suppressing the biological activity of PGs by vitamin D. Calcitriol decreases the mRNA expression of the PGE2, inhibits the oncogene COX-2, and induces the expression of the putative tumor suppressor 15-PGDH in prostate cells, suggesting that calcitriol may play an important role in the chemoprevention of PCa [91] .
COX-2 is a key enzyme in the synthesis of PGs. Clinical trials and epidemiological studies have suggested that COX-2 is involved in tumorigenesis and its inhibition can reduce the risk of cancer [92] [93] [94] . Studies have shown that COX-2 can up-regulate the expression of vascular endothelial growth factor, such as VEGF-D (lymphangiogenic factor) and VEGFR-3 (VEGF-D receptor), which promote tumor angiogenesis in inflammatory mammary carcinomas [95] . High expression of COX-2 in lung adenocarcinoma cells has also been found to activate tyrosine kinase receptor activity and induce over-expression of the VEGF-C gene, which in turn promotes tumor angiogenesis [96] . COX-2 over-expression in tumor cells also stimulates production of VEGF-A, which causes blood vascular endothelial cell migration and tube formation [97] . On the other hand, over-expression of COX-2 has a significant inhibitory effect on the apoptosis of tumor cells. Recent studies have shown that COX-2 can inhibit the apoptosis of tumor cells by activating the Bcl2 gene pathway. The selective COX-2 inhibitor NS-398 can significantly inhibit the function of tumor cells to secrete PGE2 and maintain the cells in G1 phase [98, 99] . In PCa cells, calcitriol reduces the expression levels of COX-2 [100]. Moreno et al. found that calcitriol abolishes c-fos induction and growth stimulation by arachidonic acid, which reflects the effect of calcitriol in decreasing endogenous synthesis of PGs due to COX-2 suppression in PCa cells [91] . In addition, calcitriol interferes with the COX-2/PGE2 pathway, inhibits the activity levels of the phosphorylation of ERK and ERα, then downregulates the expression of CYP1B1, consequently inhibiting the proliferation of breast cancer cells [101] .
15-hydroxyprostaglandin dehydrogenase (15-PGDH) is an antagonist of COX-2 and exerts a strong inhibitory effect on the development of cancer [102, 103] . Yan et al. suggested that the TGF-β-mediated induction of 15-PGDH and crosstalk between the TGF-β and prostaglandin pathways may represent a significant additional effector of TGF-β-mediated suppression of cancer in the gastrointestinal tract [104] . Studies have shown that the absence or reduction of 15-PGDH promotes the development of tumors in breast cancer, medullary thyroid carcinoma, PCa, and bladder cancer [105] [106] [107] [108] , thus supporting a tumor-suppressor role for 15-PGDH in cancer. Several studies highlighted the calcitriol-mediated suppression of the oncogene COX-2, an increase in the expression of the putative tumor suppressor 15-PGDH in prostate cells, a decrease in the levels of biologically active PGs, thereby reducing the development of cancer [91] . The up-regulation of the IGFBP-3 gene has been shown to be crucial in calcitriol-mediated inhibition of LNCaP cell growth. Calcitriol regulation of androgen-responsive genes, as well as genes involved in androgen catabolism, suggests that there are interactions between calcitriol and androgen signaling pathways in LNCaP cells [109] .
In conclusion, vitamin D inhibits the synthesis and biological actions of pro-inflammatory PGs by three mechanisms: reducing PG receptors, decreasing COX-2 expression, and increasing 15-PGDH expression.
Vitamin D and MAP Kinase Phosphatase 5
MKP5 is another novel calcitriol-responsive gene. MKP5 preferentially binds and inhibits the activation of p38 MAPK, which is a family of serine/threonine-directed kinases classified as stress-activated kinases. A consequence of p38 activation is an increase in the production of pro-inflammatory cytokines that sustain and amplify the inflammatory response [110, 111] . Calcitriol up-regulates MKP5 expression, leading to subsequent inhibition of the production of pro-inflammatory cytokines, such as IL-6, by interfering with the signaling of pleiotropic inflammatory cytokines, such as TNFα, supporting a role for calcitriol in the prevention and/or early treatment of PCa [63] .
Vitamin D and Nuclear Factor Kappa B Signal Pathway
NF-κB transcription factor is a heterodimer consisting of p50 and p65. It binds to its inhibitory protein inhibitor of NF-κB (IκB) and exists as an inactive hetero-oligomer in the cytoplasm. NF-κB is vital for the regulation of genes that control various responses in eukaryotic cells [112] . Studies revealed that calcitriol inhibits inflammatory responses by modulating the NF-κB signal pathway. Calcitriol inhibits lipopolysaccharide (LPS)-induced p38 phosphorylation and TNF-α and IL-6 production through increased binding of the VDR and histone H4 acetylation at the identified VDRS of the murine and human MKP1 promoters [63, 113] . Calcitriol can also increase IκB levels by increasing mRNA stability and decreasing its phosphorylation, thereby reducing the nuclear translocation of NF-κB [114] . Calcitriol suppresses activation of the p65 subunit of the NF-κB complex in colon cancer cells, thereby preventing binding of NF-κB to DNA [115, 116] . Thus, calcitriol may serve as an effective inhibitor for cancer via suppression of the NF-κB signal pathway.
Vitamin D and Immune Cells
As the VDR is expressed on immune cells (B cells, T cells, and antigen presenting cells, such as macrophages and DCs), vitamin D could modulate the innate and adaptive immune response [117] . There is increasing epidemiologic evidence linking vitamin D deficiency and autoimmune diseases, including multiple sclerosis (MS), rheumatoid arthritis (RA), diabetes mellitus (DM), inflammatory bowel disease, and systemic lupus erythematosus (SLE) [118] [119] [120] . At present, the role of vitamin D in reducing inflammation-dependent carcinogenesis via regulating immune cells is not straight forward, but it is generally recognized that the interactions occurring between tumor and host immune cells in the tumor microenvironment could promote tumor growth and protect the tumor from immune attack. We addressed several mechanisms, through which vitamin D affects different immune cells.
The relationships between B cells and vitamin D have been less intensively studied, but current research suggests that vitamin D can be used as a modulator of allergic immune responses by affecting B cells. Chen et al. found that it inhibits the ongoing proliferation of activated B cells and induces their apoptosis by up-regulating the expression of p27, whereas initial cell division is unimpeded. These results indicate that calcitriol may play an important role in the maintenance of B cell homeostasis [121] . Vitamin D deficiency impairs rituximab-mediated cellular cytotoxicity and the outcome of patients with diffuse large B cells lymphoma [122] . [125] . Conditional targeting experiments showed that VDR function in T cells is necessary. Neither calcitriol nor T-cell-specific VDR targeting influences CD4 + Foxp3 + T-cell proportions in the periphery or the central nervous system (CNS) [126] . Palmer et al. suggested that vitamin D deficiency may promote autoimmunity by favoring the inordinate production of Th17 and Th9 cells at the expense of regulatory IL-10-producing T cells [127] . Calcitriol suppresses the inflammatory infiltrates and inhibits the expression of P65, RORγt, and IL-17 in the spleen tissues of model mice [128] . These results suggest a potential mechanism, through which vitamin D metabolism links the T-cell-mediated immune responses to the adaptive immune responses.
The innate immune system interacts with vitamin D in several interesting ways. First, the primary role of macrophages is to engulf and kill bacteria. Toll-like receptors (TLRs) activation of human macrophages up-regulates expression of the VDR and the vitamin CYP27B1 genes, leading to induction of the antimicrobial peptide cathelicidin and killing of intracellular Mycobacterium tuberculosis [129] . Chen et al. found a novel regulatory mechanism for vitamin D to control innate immunity: calcitriol promotes negative feedback regulation of TLR signaling via targeting microRNA-155-SOCS1 in macrophages [130] . Moreover, calcitriol or its analogs have been shown to initiate the differentiation of myeloid progenitors into macrophages, and to reduce MCP-1 and IL-6 expression via inhibiting the activation of NF-κB in macrophages [131] . Helming et al. found that calcitriol can selectively suppress the key effector functions of IFN-γ-activated macrophages. The deactivation of IFN-γ-stimulated macrophages is dependent on a functional VDR and calcitriol acts specifically on IFN-γ-activated macrophages, whereas the steroid has no effects on resting macrophages [132] .
Dendritic cells (DCs) are the most potent antigen-presenting cells. DCs modulate T cell development and they can be not only immunogenic but also tolerogenic, both intrathymically and in the periphery [133] . A number of studies demonstrated that calcitriol inhibits the differentiation, maturation, and immunostimulatory capacity of human DCs. Studies have consistently reported that in vitro treatment of DCs with VDR agonists leads to down-regulated expression of the costimulatory molecules CD40, CD80, and CD86, and to decreased IL-12 and enhanced IL-10 production, resulting in decreased T cells activation [134, 135] . Szeles et al. found that monocyte-derived DCs are able to turn on calcitriol sensitive genes in the early phases of differentiation if the precursor is present. Their data collectively suggest that exogenously-or endogenously-generated calcitriol autonomously regulates a large set of its targets not via inhibition of differentiation and maturation, leading to the previously characterized tolerogenic state [136] . Takeda et al. observed a significant increase in Foxp3 (+) regulatory T cells and a decrease in CD80 + CD86 + DCs in the mesenteric lymph nodes, spleen, and atherosclerotic lesions in oral calcitriol-treated mice in association with increased IL-10 and decreased IL-12 mRNA expression. CD11c + DCs from the calcitriol group showed reduce proliferative activity of T lymphocytes, suggesting the suppression of DC maturation [137] . Cytokines secreted by vitamin D-treated DCs are significantly more potent in driving differentiation of IL-22-producing T cells, as compared to secreted cytokines of not-vitamin D-treated DCs [138] . 
Conclusions
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